Abstract. Interface debonding is one of the most commonly observed failure in the Solid Rocket Motor(SRM). In order to investigate the debonding properties, the experiment was conducted by using double cantilever beam(DCB) specimen, and the strain energy release rate was obtained based on the load-displacement curve. Besides, two finite element methods, virtual crack closure technique(VCCT) and cohesive zone model(CZM), were employed to model the DCB debonding process. Finally, the load-displacement simulation curves obtained based on these models were compared with the experiment curves. The result shows that CZM can model the crack onset and propagation well. And, the VCCT approach, can model the propagation process, but overestimate the initial slope and load peak.
Introduction
Interface debonding is one of the most common observed failure models in the Solid Rocket Motor(SRM) [1] . Bonding interface strength between the propellant and inhibitor is usually lower than strength of the adherends. During the process of manufacturing, storing, transportation and launching, the debonding crack may onset and propagate undetected under temperature shock, fatigue and creep loads. This failure of debonding leads to the burning surface and combustor pressure increasing rapidly, which may cause the ultimate failure of the Solid Rocket Motor [2] [3] . According to the statistics, about one-third failure of the SRM is caused by interface debonding. So, the research of the bonding property between the propellant and inhibitor is quite important.
Experiment

Specimen preparing
In order to acquire the strain energy release rate of the bonding interface between the propellant and inhibitor, double cantilever beam (DCB) specimens were produced according to the ISO 15024:2001(E) [4] . As shown in Fig.1 . The specimen consists of aluminum plates, inhibitor, propellant and adhesive, some major dimensions were given in Fig.1 .
Fig.1: Double cantilever beam (DCB) specimen
International Conference on Materials, Environmental and Biological Engineering (MEBE 2015) Every surface was cleaned up by using acetone prior to bonding. A kind of high bonding strength adhesive was used on the Inhibitor/Al and propellant/Al interfaces, to make sure the surface don't debond during the experiment process. The inhibitor and propellant were attached to each other using an polyurethane adhesive, which had been proved to have a good bonding effect between the inhibitor and propellant in the SRM. The thickness of the adhesive layer was 0.2mm, and was controlled by a few steel balls. A 0.2mm thickness teflon film was inserted into the adhesive layer to produce the initial crack, the length of the initial crack was 40mm. All the specimens were stored in the temperature control box at 50℃ for 48h before testing.
Testing process and result
All the specimens were tested on a tensile testing machine at a loading speed of V=1mm/min shown in Fig.2 . During the experiment process, the location of crack tip was detected by an electron microscope, the length of the crack was determined by the scale which was attached to the aluminum plate. The experiment load-displacement curves and the average curve were given in Fig.3 .The curves consist of the linear ascending stage and softening descending stage. As the length of the crack was constant before the crack propagated, the P δ − curve showed a linear ascending performance. The force decreased when the load peak was reached, which means that the crack was going to propagation. 
Virtual crack closure technique (VCCT)
The virtual crack closure technique (VCCT) is an effective method in solving delamination problems. It was first proposed by Rybicki and Kanninen [5] based on the principles of Linear elastic fracture mechanics(LEFM), and widely used in modelling delamination growth in composites [6] .
VCCT is based on the assumption that the strain energy released in the crack propagation process is equal to the energy required to close the crack to its original state. The critical strain energy release rate and the crack propagation path should be given when the VCCT theory applied. In this method, the crack path is modeled using pairs of coincident nodes, and two steps are needed to obtain the strain energy release rate(SERR). First step, the node forces at the crack tip before crack propagation are confirmed. Second step, crack tip nodes are released when the load increases to the critical value, and the corresponding node displacements are acquired. SERR is equal to the work during this two steps ， which is obtained by multiplying the corresponding node displacements with one-half of the node forces.
There is no mode Ⅲ debonding in the DCB test. So using a 2D VCCT model (Fig.4a) for the DCB crack propagation research, the SEGG can be formulated as： ( )
where: 
Cohesive zone model (CZM)
Cohesive zone model approach is another efficient method to simulation the interface debonding which was proposed by Dugdale [7] and Barenblatt [8] . The CZM finite element model can be described as Fig4(b), cohesive elements are embed between the adherends to characterize the interface debonding property.
So far, several types of CZM models have been proposed, they can be distinguished by their own cohesive laws [9] . A typical bilinear cohesive law is given in Pic.5, it relates cohesive surface traction, t , to displacement jump, δ , at the interface where a debonding may occur. The interface begins to damage when the maximum traction c T reached, and complete failure occurs at the maximum displacement f δ . The area under the traction-displacement curve is equal to the fracture toughness G, which has the same value with SERR. The slope of the traction-displacement curve before damage initial, K, is refereed as the interface stiffness. K, c T and G are the basic parameters to confirm a bilinear CZM model.
The traction-displacement relation can be expressed by: 
Finite element model simulation analysis
In order to investigate the propellant/inhibitor interface debonding property by the VCCT approach and CZM approach. The models were composed by using the commercial finite element software ABAQUS in Fig.6 . In the VCCT model, the interface between two adherends was defined by the VCCT theory. And a four-node 2D cohesive element (COH2D4) was used to characterize the interface property in the CZM model. The aluminum plates, inhibitor and propellant were modeled with four-node 2D quadrilateral solid element (CPS4R). The VCCT interface parameters are listed in the Table 1 , and the CZM cohesive parameters are listed in the Table 2 , the maximum normal stress and interface stiffness have been obtained in prior research.
Some researches show that the mess size has obviously effect on the result in the VCCT finite element model analysis. Using a smaller mesh may obtain a better result, but it costs more computing time. Besides, the stress oscillation singularity occurs when the mess size is smaller than a limit value [10] . In order to obtain a relative accurate result and reduce the computing time, 2mm length mesh was chosen in the VCCT model. The simulation load-displacement curves and the experiment curve were given in the Fig.7 . The CZM approach can describe the onset and propagation process well in the mode Ⅰ debonding. The VCCT approach can model the propagation process, but it overestimates the curve's initial slope and load peak. This phenomenon can be explained by the influence of different constitutive between the two theories. In the VCCT theory, the node force increases all the time without a decreasing stage. So, the interface stiffness is larger than initial stiffness of the cohesive element under the same strain energy release rate, which leads to the over prediction of the initial slope and load peak.
Besides, the VCCT simulation load-displacement curve is rough and choppy during the propagation process, but still follows the same trend as experiment result. The reason for this phenomenon attributes to the inappropriate mesh size. 
Conclusion
In this paper, the interface debonding property between inhibitor and propellant in the solid rocket motor was studied. And the experiment was conducted by using double cantilever beam(DCB) specimen to obtain the strain energy release rate(SERR). The VCCT approach and CZM approach were introduced to simulate the debonding process. The result shows that CZM can describe the crack onset and propagation well. But, VCCT will overestimate the initial slope and load peak. Besides, VCCT shows obvious dependency on the mesh size, which means it is important to choose an appropriate mesh.
For CZM modeling, three important parameters (K, c T and G) are necessary, and more relevant research should be conducted to obtain the parameters, the prediction for interface debonding is more precision. However, only the strain energy release rate(SERR) is needed for VCCT modeling, which can be achieved by the DCB experiment. So, VCCT is recommended for the primary research.
